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In radiative-convective equilibrium (RCE) simulations, self-aggregation is the spontaneous emer-
gence of one or several long-lasting convective clusters from an apparently homogenous atmosphere
[1]. This phenomenon may be implicated in the formation of tropical cyclones [2, 3] and large-scale
events such as the Madden-Julian Oscillation [4–6]. However, it remains poorly understood how cold
pools (CPs) contribute to self-aggregation. Using a suite of cloud-resolving numerical simulations,
we link the life-cycle and the spatial organization of CPs to the evolution of self-aggregation. By
tracking CPs, we determine the maximal CP radius Rmax ≈ 20 km and show that cloud-free regions
exceeding such radii always grow indefinitely. Besides, we identify a minimum CP radius Rmin ≈
8 km within which CPs are too negatively buoyant to initialize new convective cells. Finally, we
suggest a simple mathematical framework describing the mechanism by which indefinitely growing
cloud-free areas, termed cavities, form when CPs have small Rmax, whereas large Rmax hampers cav-
ity formation. Our findings imply that interactions between CPs crucially control the dynamics of
self-aggregation, and known feedbacks may only be required in stabilizing the final, fully-aggregated
state.
I. SIGNIFICANCE STATEMENT
Convective self-aggregation describes the emergence of
one or more persistently dry, cloud-free areas in numeri-
cal simulations and likely plays a key role in the formation
of tropical cyclones and the Madden-Julian Oscillation.
Some understanding of the clustering of thunderstorms
in self-aggregation exists. However, how cold pools (CPs)
contribute to this phenomenon remains poorly under-
stood. CPs are radially expanding pockets of dense air
that forms under precipitating thunderstorms. By ana-
lyzing cloud-resolving numerical simulations, we find that
new convective events occur where two CPs collide. We
find that the maximal radius that CPs achieve equals the
minimum radius that allows cloud-free regions to persist.
With this insight, we suggest that interactions between
CPs control the appearance of self-aggregation.
II. INTRODUCTION
When rain evaporation is strong, so is the associated
sub-cloud cooling and density increase [7, 8], forcing the
resulting cold pools (CPs) to spread more quickly and
cover larger areas [9–11]. Such pronounced CP activity
has repeatedly been suggested to hamper convective self-
aggregation in radiative-convective equilibrium (RCE)
numerical experiments [12–15]. In these simulations, the
atmosphere gradually organizes from an initial, appar-
ently random, pattern of convective updraughts into an
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inhomogeneous pattern with one or few strongly con-
vecting patches, but an otherwise nearly precipitation-
free domain [15–19]. A physical process commonly dis-
cussed as leading to self-aggregation is the positive feed-
back resulting from the altered radiation interaction with
clouds and the associated modified atmospheric circula-
tion when convective rain cells are organized. A circu-
lation pattern builds up, where precipitating regions ex-
perience sustained long-level convergence. Surface latent
and sensible heat fluxes — which increase under stronger
surface wind speed — may further contribute.
Generically, the early stage of self-aggregation is char-
acterized by the appearance of long-lived dry patches
(termed cavities in the following), within which rain is
suppressed [20]. Along with this suppression, further dry-
ing was reported to occur through radiative cooling and
the resulting subsidence, as well as changes in surface
fluxes. In this later stage, cavities expand and merge,
eventually leaving only one contiguous moist region. A
remarkable aspect of self-aggregation is hysteresis, by
which it refuses to disaggregate, once formed, even when
the initially required feedback is removed [13, 21, 22].
CPs are capable of mediating organization, as they ef-
fectively relay ”information” between one precipitating
cloud and its surroundings. Physically, CPs spread as
density currents along the surface, carry kinetic energy
and buoyancy, and can modify the thermodynamic struc-
ture of the environment near the CP edges [23–25]. CPs
thereby act to pattern the convectively unstable atmo-
sphere, as the loci where new convective cells emerge are
not independent of the loci at which the previous cells
dissipated. In particular, new cells were suggested to
be spawned by the CP gust front alone, or by collisions
between mobile gust fronts [25–27]. Inspired by the no-
tion of CP interactions, conceptual work has formulated
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2CPs as cellular automata [28, 29], and CP representations
have been incorporated into large-scale models [30].
Here, we analyze a range of cloud-resolving simula-
tions, which capture key processes at the CP gust fronts
as well as their spreading and interaction (Fig. 1A–B,
and Materials and Methods). By employing a CP track-
ing method [29], we follow the patterning of these CPs.
Indeed, CPs predictably form a short time after rain falls
through the boundary layer, and initially spread horizon-
tally. CPs do not expand indefinitely but tend to stop
growing near a radius of Rmax ≈ 20 km, a value com-
parable to previous simulation results [9] and observa-
tional findings [31–33]. We discuss the formation and
dynamics of cavities and the appearance of marked, non-
random, line segments, which connect precipitation cell
centers and are often nearly perfectly straight (Movie
1). To explain both features, we bring forward a sim-
ple model, based on the interaction of expanding circles,
which mimics the collision of CP gust fronts and the re-
sulting spawning of subsequent precipitation events.
III. RESULTS
We carried out (960 km)2 simulations at 2 km hor-
izontal resolution over idealized sea (termed Sea2km)
and land surfaces (Land2km), as well as variants of both
at higher grid resolution (Sea400m and Land400m) but
smaller system sizes. Additionally, we employ data from
a large domain, (1024 km)2, and relatively high hori-
zontal resolution (500 m, termed Sea500m), where the
output time step was, however, limited due to data con-
straints (Details: Methods).
A. New cells formed in between cold pools
We begin by discussing Sea2km, where self-aggregation
sets in after approximately seven days. When examining
the simulation result after 20 days, we find that several
large cavities without rainfall have emerged (Fig. 1A–B),
and subsequently continue to grow — behavior typical of
self-aggregation [15, 34]. In the humidity field, individ-
ual CPs and their gust fronts are easily distinguishable
by the small and relatively dry areas (a few marked in
Fig. 1A–B), which are separated by a network of positive
humidity anomalies (yellow to red shades). Inspecting
the pattern further, we find that new precipitation cells
usually emerge close to the interfaces between the gust
fronts from two distinct CPs (Fig. 1A).
The gust fronts have generally become immobile by
the time a new precipitation event appears, but con-
tinue to generate positive water vapor anomalies due
to persistent low-level circulations. Superimposing sub-
sequent precipitation cells on the moisture field (small
black patches), we find that a delay of typically 3–4 hours
is required before any new cell emerges. At a subsequent
time (Fig. 1B), the moisture field is modified due to the
action of previous rain cells (such as those marked in
Fig. 1A). Locations with previous rain cells now are com-
parably dry, whereas their surroundings are again moist-
ened. Tracking CP gust fronts by a tracer method [29]
show that these gust fronts, emergent from each precip-
itation cell, tend to coincide with the positive moisture
anomalies (several examples are highlighted in Fig. 1A–
B). CP gust fronts hence concentrate moisture in between
any two rain cells and excite new events at these locations
[23].
When further inspecting the moisture field, it is appar-
ent, that the strongest positive anomalies (red shades),
tend to occur in between previous rain cells, but hardly
ever at the edges of the large, dry cavities. We view
this finding as evidence of rain cell-rain cell interactions,
without which the formation of subsequent rain cells is
unlikely. Given that the locations of newly emergent
cells are systematically biased towards the collision lines
formed by previous CP gust fronts, a systematic organi-
zational pattern can be expected. In particular, a ”filling-
up,” by which CPs collide within a cavity, setting off
a new rain cell there, should be unlikely for sufficiently
large cavities. This is because CP gust fronts have a fi-
nite ”reach,” that is, they do not exceed a certain radius.
Therefore, they cannot spread across a large cavity.
B. Cavities need to reach a critical size before they
grow indefinitely
Systematically tracking all CPs in Sea2km, we now
study the life cycle of CPs after a given precipitation
event initiates them. Similar to results reported else-
where [33, 35, 36], CP gust fronts initially advance
rapidly, but monotonically decrease their radial veloci-
ties (Fig. 1C). We contrast Sea2km to Land2km, where
the latter mimics reduced surface latent heat fluxes (De-
tails: Methods). We find that CPs are indeed limited
in radius, but that those under drier conditions spread
further, possibly due to reduced heating in their interior.
To check for resolution sensitivity, we here also track CPs
in Sea400m and Land400m, finding only weak resolution
dependence of CP radii.
We now monitor the evolution of the large, longer-
lived, cavities (such as those marked in Fig. 1A-B). We
track all cavities emerging in Sea500m, Sea2km, and
Land2km (Details: Methods, Tracking of cavities). An
initial population of relatively small cavities is already
present two days after the onset of precipitation (Fig. 1D–
F and S2). When following the growth of these cav-
ities, in Sea500m and Sea2km, some reach larger sizes
and eventually contain coordinates that exceed distances
d > Rmax from any precipitation cell (red patches in
Fig. 1D–E and Fig. S2). We refer to the value Rmax
as a critical distance, as virtually any cavity of this size
will continue to grow indefinitely (Fig. 1F). Cavities for
which all points lie below the threshold Rmax may, how-
ever, decay in area. Long-tailed cavity area distributions
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FIG. 1. Cavities need to reach a critical size before they grow indefinitely. (A) Specific humidity in the lowest
model level (z = 50 m) at t1 = 17.49 days (see color bar for units). Black blobs indicate rainfall patches that occurred at
t1 + 4 hours. Blue symbols indicate examples of tracked cold pool (CP) gust fronts, which were tracked by assigning tracers to
the outer boundary of each rain patch and allowing these tracers to advect with the horizontal wind field (Details: Methods).
Note the marked moisture enhancement near the CP gust fronts and that subsequent rain events are often set off near these
areas of elevated moisture. (B) Analogous to (A), but at t2 = t1 + 5.3 h. Note that each rain event, indicated in (A), has
left a distinct dry area behind. (C) CP growth is initially fast but monotonically slows over time. Symbols show the 90th
percentile. (D–E) Five cavities (patches labeled a–e) identified in Sea500m where black dots are the CP centers. Blue regions
are less than Rmax = 20 km away from a CP center, and red regions are further away. (D) CP centers on day 14 and (E) day
24. Further days are shown in Fig. S2. Between day 14 and day 24, cavities with white labels (a–b) grow while cavities with
black labels (c–e) shrink. Red arrows mark several line-like structures (see also Fig. 2). (F) The size evolution of all cavities
identified. Black and gray cavities do not reach the critical size, Rmax, whereas red cavities do. The five cavities in panel
D–E are highlighted with lowercase letters, while uppercase letters highlight the timing of panels D and E, respectively. (G)
The growth rate of all cavities in Sea500m (green) and Sea2km (red) as a function of size. The horizontal axis indicates the
steady-state, whereas the solid curves are the average for a given size.
support the ”rich-get-richer” dynamics (Fig. S4). Un-
bounded growth of some cavities causes merging events
to take place, whereby multiple cavities connect to form
even-larger ones — which eventually should lead to a
fully-aggregated state.
Furthermore, by analyzing the growth rate of all cavi-
ties, we find that small cavities (Rmax < 20 km) tend to
shrink, whereas larger ones tend to grow (Fig. 1G). On
average, we find the critical size in Sea2km to be lower
than the critical size in Sea500m. We interpret this as a
higher resolution simulation providing more violent CP
interactions and more intense updrafts at the gust fronts
and hence a higher triggering probability. The finding
of higher resolution hampering self-aggregation is in line
with sensitivity studies [12]. We bolster this explanation
by examining updraft speeds for our simulations of dif-
ferent resolutions (.4 km compared to 2 km, Fig. S3).
We indeed find that updraft speeds can be much larger
for the higher resolution, especially near CP gust fronts.
In Land2km, cavities generally remain far below Rmax,
and no cavities are formed that exist for more than one
day. Considering the CP radii again for Land2km, signif-
icantly larger distances can be covered, before CPs seize
from growing — a finding that can explain the lack of
cavity formation in Land2km.
C. Transient line segments emerge in simulation
data
If CP interactions are relevant, as we claim, this should
show in details of the spatial pattern formed. There-
fore, we now characterize the spatial organization fur-
ther: we connect the centers of all CPs present in a cer-
tain time window by the line-of-sight graph, also known
as a Gabriel graph (dotted gray lines in Fig. 2A–B) [37].
Two CPs are line-of-sight neighbors if no other CPs are
closer to the midpoint between the two CPs in question
(Fig. S1). Analytically, we show that for a random seed-
ing of positions, each CP center will, on average, have
four neighbors within the line-of-sight (Details: Supple-
mentary Information), and confirm this finding by nu-
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FIG. 2. Transient line segments emerge in simulation
data. (A) A subset of Sea2km cold pool (CP) centers on
day 10. Line-of-sight connections (gray dashed lines) that are
shorter than l =
√
1/N are marked as black lines. Within
these, only those CPs with them and their neighbors having
connectivity 2 counts towards the line index (green nodes).
(B) Close-up of the line in (A). (C) The average line-of-
sight connectivity is significantly lower in the simulation data
(blue, green, and purple) compared to a randomized control
(red). The standard error of the mean (SEM) is smaller than
the thickness of the lines. The inset shows the accumulated
frequency of the number of connections in Sea500m (blue) and
Sea2km (green) relative to the control (red) on day 10. (D)
The line index of simulation data (blue, green, and purple)
is higher than the control, which has a line index of 6.6 ±
0.3 (red). (E) The cumulative distribution function (CDF)
of line lengths at early and late times of Sea2km. The gray
line is 0.5x. (F) The separation distance between different
CP centers (green) in Sea2km is higher than the theoretical
distribution for random positioning (red) and unchanged with
time (light vs. dark green). Two-sample Kolmogorov-Smirnov
tests showed p < 0.001 statistical significance (marked by a
star symbol) between simulation data and the control. A
sliding time window of 6 hours is used throughout the figure.
The results are insensitive to the length of the sliding time
window. Movie 1 shows all Sea500m and Sea2km CP centers.
merical simulations (Fig. 2C).
Throughout the time series, the cloud-resolving simu-
lation data show significantly lower average connectivity
because a larger fraction of CPs has only two or three
line-of-sight neighbors (see Fig. 2C inset). This result
may imply the appearance of lines in high-resolution
data. When inspecting Fig. 1D–E, it is qualitatively
apparent that some cells form line-like structures (ex-
amples: red arrows, Fig. 1D–E). To quantify, we now
introduce a line index, which allows us to measure the
extent to which such linear structures appear more fre-
quent than would be expected at random. The line index
is defined based on local groups of CPs (solid black lines
in Fig. 2A–B). For a CP to be part of a line, this CP and
its neighbors must have exactly two neighbors inside the
group (green points in Fig. 2A–B).
We then quantify the line index as the RCE simulations
develop in time and compare the line index obtained to a
randomized control (Fig. 2D). At all times, we find a sig-
nificantly higher fraction of lines in the simulations than
expected at random. At the intermediate stage of the
simulations (days 3–8), the line index drops due to tem-
poral clustering. If all points were located in one compact
cluster, the line index would go towards zero, since in that
case the cut-off distance l =
√
1/N would not apply to
any line-of-sight neighbors, thereby very few would have
connectivity two. Sea2km shows a line index that is twice
as large as its random counterpart, and the lines are also
visible to the bare eye (see Movie 1). Sea500m, which
constitutes a one-hour accumulated data set, hides some
spatial structure and therefore has higher connectivity
and a lower line index (Fig. 2C–D).
By noting the green dots in Fig. 2A that lie outside
the close-up area (Fig. 2B), it is clear that most lines
must be very short, and only a few are as long as the one
shown in Fig. 2B. This is confirmed in Fig. 2E where we,
instead of using the line index, determine the maximum
length of all tracks at two specific days (see Tracking of
cold pools). We find that that the presence of long lines
does not change much with simulation time.
Already from Fig. 2C–D, the spatial pattern of con-
vective cells appears to be non-random immediately af-
ter the simulation start. To confirm this, we measure
the shortest distance from one track ID to the nearest
neighbor with a different track ID and do the same for
a random seeding. We find that the majority of CPs
are further apart than what would be expected at ran-
dom (Fig. 2F). We attribute this positioning to a repul-
sive effect caused by the buoyancy decrease from rain-
evaporation [38]. From Fig. 2F, we estimate Rmin ≈ 10
km and find it to be unchanged with simulation time.
For studying the cavities (in Fig. 1), we used a sliding
time window of 24 hours, while for studying the lines (in
Fig. 2), we used a time window of 6 hours. In the case
of the cavities, we do not want a too small time win-
dow, since that would give numerous small, noisy, cavi-
ties. For studying the lines, we do not want a too large
time window, since we would then get intersecting lines
5that would not be detected by the line index. Within
these considerations, the results are independent of the
particular choice of the time window.
By inspecting Movie 1, we note that the lines tend to
grow and decay in one direction. In the following section
(and in Fig. 3A–B), we suggest that this direction could
be obtained by the emergence of multiple CPs along the
collision line between two CPs (gray dots in Fig. 3B).
D. Circle model captures cavity and line formation
We now introduce a model consisting of growing and
colliding circles, each representing a CP. Earlier, we con-
sidered the dynamics of 3-CP interactions and showed
that this is a valid approximation for out-of-equilibrium
diurnal cycle simulations for the current RCE setup [29].
Now, we modify the model to focus solely on 2-CP in-
teractions. The reasoning is that in RCE, most new rain
cells result from thermodynamic pre-conditioning near
the gust front collision lines (Fig. 1A–B), and time de-
lays are so long that direct forced lifting can be ruled out.
In short, we initialize the model with N points randomly
located within a 2D domain of size 1000 km × 1000 km
with double-periodic boundary conditions (to mimic an
infinite cloud field). All points grow into circles (two
highlighted in Fig. 3A) with equal and constant radial
speed (vr ≡ 5 km h−1). When two circle edges (the gust
fronts) collide, they instantaneously create a new point
(bold black dot in Fig. 3A–B), which then starts to grow
at the same speed vr. Depending on further conditions,
this process either continues indefinitely, or the system
eventually dies out, that is, no more circles can be gen-
erated (Details: Mathematical model). Initially, in each
2-CP collision, we only consider the first, unique, colli-
sion point between two circles, but later we relax this
constraint.
The simplest 2-CP model includes a minimum radius,
Rmin, that the circles need to reach to be able to replicate.
Physically, CPs that are smaller than Rmin are too cold,
hence negatively buoyant, to initialize new CPs [36, 39].
Mathematically, Rmin conveniently avoids singularities,
that is, infinitely rapid replication. Singularities would
otherwise unfold when three circle centers are located in
a triangular geometry where all subsequent generations
induce three new circle centers that enclose triangular
areas that are progressively smaller (inset in Fig. 3B). In
Fig. 3C, we present a snapshot of a simulation. We note
the presence of cavities and the visual similarity with the
numerical experiment results in Fig. 1D–E. In Fig. 3D, we
explore the separation distance between circle centers, a
distance we compare to that obtained from the numerical
experiments (Fig. 2F). We find a fixed Rmin = 8 km to
give comparable results to the experiments. We note that
Rmin varies more strongly in the simulations than in the
model. Variations in vr both over time and between CPs
can explain this.
We now also incorporate a maximum radius, Rmax, be-
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FIG. 3. Circle model captures cavity and line forma-
tion. (A) At a general time in the model, cold pools (CPs)
are represented by circles of different sizes. Two circles (blue
and red) will collide at the midpoint between their circles’ rim
if other circles do not block the midpoint (black dot). (B) To
find the collision point analytically, we translate the system in
such a way that the smallest circle (red) is moved to origo and
reduced to zero radii. The largest circle (blue) is rotated to
the X ′-axis. Potential subsequent collision points (gray dots)
are separated by a distance δ (for details see Mathematical
model). The inset shows a singularity. (C) Snapshot of a sim-
ulation with Rmax = 40 km on day 2. The black dots are the
circle centers; the white space is the area the circles enclose;
the blue space is a distance less than Rmax away from a circle
center, and the red space is further away (compare to Fig. 1D–
E). (D) The separation distance between circle centers does
not change with time in the model (light vs. dark green), and
it is statistically different from a randomized control (two-
sample Kolmogorov-Smirnov tests showed p < 0.001 marked
by a star symbol, compare to Fig. 2F). (E) The fraction of
the domain that the circles cover decays with simulation time.
The smaller Rmax, the faster it decays. The error bars show
the standard deviation for five simulation runs. The black
dot shows where panel (C) is taken. (F) The line index (as
defined in the caption to Fig. 2A) for P = 0.5 (dark green),
and a control (red) (compare to Fig. 2D). All with Rmax = 40
km. Throughout the figure, N = 3000, Rmin = 8 km, and a
sliding time window of 3 hours are used. Movie 2 shows a set
of model simulations.
6yond which the circles become passive and cannot repli-
cate. This parameter mimics the decrease in energy and
momentum as CPs grow, mix with environmental air,
and lose inertia through surface drag. For simplicity, we
fix Rmin and Rmax for all circles throughout a simula-
tion. Fig. 3E shows how lowering Rmax results in short-
ening the duration of the model simulation — leading to
faster cavity formation and, therefore, more rapid self-
aggregation. For small Rmax, this model predicts a final
collapse of all rain cells in the system — a feature that
the numerical experiments would not develop (see also
model dynamics in Movie 2).
Finally, we want to capture the formation of lines
shown in Fig. 2. In Fig. 2E, we fit the length of the
lines to P x and show P = 0.5 in gray. Now in Fig. 3B,
we suggest that a band of CPs may form along the colli-
sion curve between two CPs. In the model, we separate
these new circles by a fixed distance δ ≡ 1 km and let
subsequent circles emerge along the curve with a proba-
bility P = 0.5. We find that this modification gives a line
index that drops due to the overall decay of the model
(Fig. 3F). However, initially, the line index is compara-
ble to the line index found in the numerical experiments
(Fig. 2D).
IV. DISCUSSION
Typical explanations for convective self-aggregation in-
voke circulation feedback, by which the interplay between
a subsiding and a convecting region stabilizes a persistent
rainy subregion [1, 40]. The current results, however, de-
scribe the path towards this final state and show that
the interaction of cold pools (CPs) can explain the initial
formation of cavities and their eventual growth into ever-
larger cloud-free subregions. The idea that the location
of CP collisions coincides with the location of new con-
vective events is well documented [41–43]. However, to
our knowledge, the suggestion that the position of CPs
and their interaction may trigger self-aggregation from
homogeneous conditions is new.
Here, we assume zero-wind shear conditions. Wind
shear is known to induce quasi-linear geometries known
as squall line convection [44–46]. Here we suggest geo-
metric line-like structuring even in the zero wind-shear
convective cloud field. The lines, we find, occur on scales
of 10 km (Fig. 2E) and fewer than 10 hours (Movie 1).
The final aggregated state was repeatedly shown to be
associated with an intensely convecting sub-region and
a gently subsiding cloud-free environment. Studies have
explored the sensitivity of the domain size to the final
aggregation pattern [47, 48] and how the net short-wave
and long-wave flux affects this pattern [49]. Stabilization
of the final state is likely accomplished by circulation
feedback, whereby divergence from the subsidence area
feeds the emergent ”super cold pool,” characterizing the
convective sub-domain [50]. We argue here that such
circulation feedback is not required for the development
of the initial cavities and their growth.
We back our analysis using a simple conceptual model
based on expanding circles and their mutual interaction.
We note that Torri and Kuang (2019) recently challenged
the idea that CPs maintain a circular shape. While the
CPs in the model expands in a perfectly circular manner,
interactions with circles smaller than Rmin and circles
that are not in the line-of-sight effectively deform the
circles in the model.
Besides, we introduce two model parameters, a min-
imal (Rmin) and a maximal (Rmax) circle radius, and
support these by the physics of CPs: we justify Rmin by
negative buoyancy anomalies before reaching the lower
radius bound, and Rmax by the dissipation of CP mo-
mentum when entering this upper bound. Based on sim-
ulation data, we quantify Rmin to be 8–12 km (Fig. 2F)
and Rmax to be roughly two times as big (Fig. 1F).
In reality, CPs initially grow faster, and their speed
of spreading decreases after a few hours (Fig. 1C) [51,
52]. However, varying the gust front expansion speed
of the circles in the model is analytically challenging.
Introducing this would require a circle and possibly a
time-dependent speed factor in Equations 1–2. To do
this, we direct the reader to the numerical approach in
Haerter et al. (2019).
The presented model does not reach a final, fully-
aggregated, state. This sustained activity might be ob-
tained by adding spatial noise (displacing new circles
slightly away from the exact geometric collision point)
and systematically increased triggering probabilities for
decreased overall rain area [53]. The final, aggregated
state is then stabilized by a form of super-CP, which ex-
cites events at the edges of the supercell [50].
The merit of the current model is simplicity, but
straightforward extensions could add realism: varying
the time point at which the initial circles start to grow,
introducing a circle specific Rmin and Rmax, adding noise
on the location of new circles, and a time delay between
circle collisions and the emergence of a new circle. How-
ever, to keep the model simple to convey and interpret,
and intrigued by the model results presented, we decided
not to implement these.
Self-aggregation, as an idealized numerical phe-
nomenon, has recently been compared to real-world ob-
servations [54]. It is implicated in the formation of trop-
ical cyclones [2, 3] and large-scale phenomena as the
Madden-Julian Oscillation [4–6]. We here introduced
a quantitative theoretical framework that, by mimick-
ing the spatio-temporal dynamics of a population of cold
pools (CPs), including their interactions, can robustly
capture the spontaneous transition to convective self-
aggregation.
V. MATERIALS AND METHODS
Here, we describe technical details of the cloud-
resolving and large-eddy simulation setup, the tracking
7of cold pool (CP) gust fronts, the tracking of cavities, as
well as the definition of the mathematical model.
A. Large-eddy simulation data
We simulate the convective atmosphere using the Uni-
versity of California, Los Angeles (UCLA) Large Eddy
Simulator with sub-grid scale turbulence parametrized
after Smagorinsky [55]. We combine with a delta four-
stream radiation [56] and a two-moment cloud micro-
physics scheme [57]. Rain evaporation is accounted for
by Seifert and Beheng (2006). Surface temperatures are
set constant (Table I), and insolation is fixed using a
constant equatorial zenith angle of 50◦, that is, constant
650 W m−2 [18]. Surface heat fluxes are computed in-
teractively and depend on the vertical temperature and
humidity gradients as well as horizontal wind speed,
which is approximated using the Monin-Obukhov sim-
ilarity theory. Temperature and humidity are initialized
using observed profiles that potentially represent convec-
tive conditions, but lose their impact after a fraction of
the simulation time.
The model grid is regular in the horizontal, and pe-
riodic boundary conditions are applied in both lateral
dimensions. Vertically, the model resolution varies from
100 m below 1 km, stretching to 200 m near 6 km and
finally 400 m in the upper layers, and 75 vertical levels
are used in all simulations except for Sea500m, where
63 were used (Table I). Horizontal resolution dx, domain
size, and data output frequency and intervals vary (Table
I). The Coriolis force and the mean wind were set to zero
with weak random initial perturbations added as noise to
break complete spatial symmetry. At each output time
step (Table I), instantaneous surface precipitation inten-
sity, as well as the three-dimensional moisture and veloc-
ity fields, are recorded for the entire model domain.
The computationally most extensive simulation
(Sea500m) was carried out by Cathy Hohenegger, who
kindly supplied us with several output variables of this
simulation. Simulations of this type consume signifi-
cant computing resources, and we, therefore, refrained
from re-simulating these data. The remaining simula-
tions were carried out by us.
Sea2km constitutes a standard setup [18], where self-
aggregation sets in after approximately one week of simu-
lation time. Sea400m represents a higher-resolution ana-
log to Sea2km, where only a small period on a smaller
domain area was simulated as a sensitivity check (com-
pare: Table I). Due to the small domain size and high res-
olution, we do not expect this variant to aggregate but
did not run the simulation long enough to affirm this.
Land2km and Land400m constitute variants of Sea2km
and Sea400m, where the surface latent heat fluxes are
reduced to 70 % of their potential value, leading to larger
cold pools.
B. Tracking of cold pools
Cold pool (CP) gust fronts are tracked similarly to the
tracer particle method discussed in the recent literature
[29]. In short, in any given time step particles are placed
at the edges of existing precipitation cells. These parti-
cles are then advected along with the horizontal velocity
field in the lowest model level (z = 50 m) and settle in
the gust fronts surrounding each CP.
C. Tracking of cavities
We track cavities by first setting a time window ∆T0,
over which the pattern of precipitation cell centers is ob-
served. A reasonable choice turns out to be ∆T0 = 24
hours, as smaller values lead to too much noise along
the edges of cavities. In contrast, larger values do not
correctly warrant the dynamics of cavities, i.e., growth,
decay, and merging or splitting events. Our conclusions
do not depend on the precise value of ∆T0. For all pre-
cipitation cells falling into this time window, we identify
the corresponding cell centers by the use of the iterative
rain cell tracking method [59]. This yields a collection
of points ci in space, where each point ci ≡ (xi, yi) is a
point in the two-dimensional plane. We then scan the
two-dimensional plane on the original simulation grid of
2048 x 2048 points. For each point c on this grid, we
evaluate the distances di(c) ≡ |c− ci| to each cell center
ci. The distance d(c) ≡ min {di(c)} is then defined as the
nearest distance of c to any of the centers’ ci.
We now define the threshold distance d0 ≡ 3.5 km.
A cavity is defined as a contiguous region of points c
with d(c) > d0, that is, regions composed of points that
are all located at distances greater than the threshold
d0 from existing precipitation cells. d0 is chosen as the
approximate upper limit of distance fluctuations in the
aggregated sub-region of the domain. Doubling or halv-
ing this value would not have any implications for the
conclusions drawn from the current study.
D. Mathematical model
N points are initialized at random locations selected
uniformly on a 2D domain of size 1000 km × 1000 km.
The domain has cyclic boundary conditions in both x
and y directions. The N initial points are referred to as
generation one. All points grow into circles with equal
and constant radial speed (vr ≡ 5 km/h), hence spread
isotropically in all horizontal directions. The growing
circles have centers at ci = [xi, yi] and increasing radii
ri. At the collision point, [x, y], between two circles of
generation g, a new circle belonging to the subsequent
generation g + 1 emerges instantaneously. This collision
point is determined by solving
(x− xi)2 + (y − yi)2 = (ri + dr)2, (1)
8Experiment Horizontal Domain Output Output Surface Vertical
Resolution Size Time step Interval Temperature Levels
Name dx [km] L [km] dt [min] [days] [K]
Sea2km 2 960 10 1− 20 300 75
Land2km 2 960 10 1− 20 300 75
Sea400m 0.4 480 10 10.07− 10.41 300 75
Land400m 0.4 480 10 6.33− 6.68 300 75
Sea500m 0.5 2048 60 1− 30 301 63
TABLE I. Summary of the numerical experiments. The data shown indicate where the numerical experiments deviate.
and
(x− xj)2 + (y − yj)2 = (rj + dr)2, (2)
where dr is the distance from the two circles’ rim to the
collision point. In the default model, only collisions that
fall on the straight line between the two circle centers are
allowed since that is the collision point with the highest
momentum (bold black dot in Fig. 3A–B). We note this
point can be found by the linear constraint
y =
x− xi
xj − xi (yj − yi) + yi. (3)
since this gives a set of three equations (Equations 1–3)
with three unknowns (x, y, dr), which generally has two
solutions. One solution can be neglected because only
the positive real solution is relevant to this model.
However, since we want the possibility to capture sub-
sequent collisions, we stick to a more advanced approach.
We translate the system to a new coordinate system
where the smallest circle is moved to origo and reduced to
zero radii, and the other circle is rotated onto the x′-axis
(Fig. 3B). This gives two equations
(x′)2 + (y′)2 = (dr′)2, (4)
and
(x′ − x′j)2 + (y′)2 = (r′j + dr′)2, (5)
with three unknowns (x′, y′, dr′). If the location of the
first collision point (where y′ = 0) is not already occu-
pied (blocked) by another circle from the same genera-
tion, then we initialize it. Theoretically, all subsequent
collisions appear symmetrically in two directions away
from the first collision point. However, to capture the
unidirectional growth of the lines (noted in Movie 1),
we only allow subsequent collision points in one direc-
tion, which we select randomly (as shown in Fig. 3B).
These collision points are separated by a distance δ ≡ 1
km on the y′-axis, and they emerge with a probability
P under the condition that the previous collision point
from the same pair of parent circles was initialized and
that the location is not overtaken. We require the first
collision point seeded to allow for subsequent collisions.
With Rmin > δ, that also implies that following collisions
points cannot interact with each other. Seeding all colli-
sion points (P = 1) in both directions with a small δ will
result in a Voronoi diagram of circles [60].
Similar to the analytical approach in [29], we do not
run the model strictly chronologically. To reduce sim-
ulation time, we take advantage of the fact that circles
belonging to different generations cannot interact since
they grow with equal and constant speed. As a result of
this, we calculate all collision points for each generation
before proceeding to the next generation. Generally, the
last circle in any generation will initiate later than the
first circle in the next generation. Therefore, when mov-
ing to the next generation, we go back in time, to the
time where the first circle of the current generation was
seeded.
We reduce simulation time further by not considering
all possible collisions, which would be a list of N × (N −
1) collisions every generation or roughly 107 potential
collisions for N = 3000. We limit this list drastically by
only considering circle centers that are within a distance
2Rmax from each other. However, to run high Rmax, we
further restrict the list by discarding circle centers whose
midpoint is blocked by more than γ = 30 circles. We
checked that γ = 30 is sufficiently high since increasing γ
gives identical results with longer simulation time while
decreasing γ did not capture all collisions.
The list of potential collision points is calculated for
each generation and sorted incrementally by dr. The sys-
tem is updated by inserting circles at the collision points
in the order they appear. Circles are only initialized if
both parent circles are larger than Rmin and smaller than
Rmax and if the subsequent generation does not occupy
the collision point. This process is repeated for every
generation until no more collisions occur.
The mathematical model is implemented in MAT-
LAB, and the source code is available online at https:
//github.com/SilasBoyeNissen/Self-aggregation-
conceptualized-by-cold-pool-organization.
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SUPPLEMENTARY INFORMATION
In the supplement, we analytically find the average
number of line-of-sight neighbors in a system with ran-
domly positioned cells (Fig. S1), we follow the develop-
ment of the cavities in Fig. 1D–E over a longer time
(Fig. S2), we explore the updraft speed distribution func-
tions in the numerical experiments (Fig. S3), and we
study the cavity size evolution and distribution in Sea2km
and Sea500m (Fig. S4). Besides, we include a movie
of Sea500m and Sea2km showing the cold pool centers
throughout the simulations (Movie 1) and a movie of var-
ious simulations created with the circle model (Movie 2).
Line-of-sight collisions for random seeding
Consider N points randomly seeded in a total area
A = piR2. A line-of-sight connection (also known as a
Gabriel connection) between any two points i and j at
distance r exists if there are no further points located
within the circle of radius r/2 centerd at (ci+cj)/2, which
contains i and j (Fig. S1). One must further consider
the probability of finding two points at distance r. For
this purpose, define the density of points as ρ ≡ N/A =
N/piR2. Now consider the tiny area a(r)dr, which is the
area enclosed by two circles of radii r and r + dr. The
number of points contained in this area is
n(r)dr = ρa(r) ≈ 2Nr
R2
dr. (S1)
For any two points at a given distance r, we now con-
sider the probability p(r), that none of the remaining
N − 2 points lie within the circle of radius r/2:
P (r) = PN−20 =
(
1− pi(r/2)
2
piR2
)N−2
, (S2)
where
P0 = 1− pi(r/2)
2
piR2
(S3)
is the probability that any single point is not inside
the area enclosed by a circle of radius r/2. Now the total
number of expected line-of-sight connections for a fixed
given point to any of the other points can be computed:
NLOS =
∫ R
0
dr n(r)P (r) (S4)
=
∫ R
0
dr
2Nr
R2
(
1− r
2
4R2
)N−2
(S5)
=
4(1− ( 34)N−1)
1−N−1 , (S6)
which gives limN→∞NLOS = 4. Hence, when re-
peating for all N and avoiding double-counting of
connections, one obtains that there are 2N line-of-sight
connections.
Movie 1: Simulation cold pool centers
All cold pool (CP) centers in (A) Sea500m and (B)
Sea2km illustrated with a sliding time window of 6 hours.
The first CPs appear 35 hours later in Sea500m compared
to Sea2km. The spatial domain of Sea500m is slightly
bigger than Sea2km (see Simulation data). Each color
indicates a unique track (see Tracking of cold pools). The
black box in Sea2km at 240–245 hours shows the subset
illustrated in Fig. 2A. Note the formation of cavities and
the appearance of lines of length up to ∼10 km.
Movie 2: Model circle centers
All circle centers in four different model simulations.
(A) Rmax = 20 km and P = 0. (B) Rmax = 40 km and
P = 0. (C) Rmax = 80 km and P = 0. (D) Rmax = 40
km and P = 0.5. In all four simulations N = 3000,
Rmin = 8 km, the sliding time window is 3 hours, and
the initial seedings are identical. The color scheme is
similar to Fig. 3E. We note that cavities form the fastest
when Rmax is small (panel A). Generally, cavity forma-
tion results in model collapse (see also Fig. 3E). Panel B
at time 47–49 hours is identical to Fig. 3C. In panel D,
we note the formation of short lines.
13
Ci
Cj
r/2
FIG. S1. Line-of-sight connection. Schematic illustrating points in a two-dimensional domain and highlighting two particular
points ci and cj at distance r that have a line-of-sight connection. The circle of radius r/2, including the two points ci and cj ,
highlights the line-of-sight condition, namely, that no other points must be contained within the circle shown.
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FIG. S2. Patterns of cells at various times during self-aggregation. Panel (A) and (F) are identical to Fig. 1D–E.
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FIG. S3. Updraft speed distribution functions. (A) Histograms showing the updraft speed for the two different horizontal
resolutions. Note the broader distribution for the higher model resolution. (B) Analogous to (A), but conditioning on locations
with tracked CP gust fronts. Note the skewness for both resolutions, but the overall positive bias for the higher resolution, but
not for the lower (the arrows mark the respective average values). This indicates that convergence is weak and challenging to
track precisely for the coarser-resolution case.
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FIG. S4. Cavity size evolution and distribution. (A) Cavity size evolution for Sea2km. (B) Distribution functions
of cavity area for different periods within the Sea2km sea surface simulation, that is, the one showing self-aggregation. (C)
Analogous to (B) but for Sea500m.
